Spt5 is an essential and conserved factor that functions in transcription and co-transcriptional processes. However, many aspects of the requirement for Spt5 in transcription are poorly understood. We have analyzed the consequences of Spt5 depletion in Schizosaccharomyces pombe using four genome-wide approaches. Our results demonstrate that Spt5 is crucial for a normal rate of RNA synthesis and distribution of RNAPII over transcription units.
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In Brief Shetty et al. show that Spt5, a transcription factor conserved in all domains of life, globally regulates transcription by RNA polymerase II in vivo. Spt5 controls the level and rate of RNAPII transcription, its ability to elongate past a barrier, and the synthesis of distinct classes of antisense RNAs.
INTRODUCTION
During transcription elongation, a large number of factors dynamically associate with RNA polymerase II (RNAPII) to facilitate transcription on a chromatin template, as well as to coordinate co-transcriptional processes (Hsin and Manley, 2012) . One widely studied and essential factor that is involved in these processes is Spt5, the only transcription factor known to be conserved in all three domains of life (Hartzog and Fu, 2013; Werner, 2012) . In bacteria, the Spt5 homolog, NusG, functions as a monomer (Mooney et al., 2009) , while in archaea and eukaryotes, Spt5 heterodimerizes with Spt4, a small non-essential protein, in a complex also known as DSIF (DRB sensitivityinducing factor) Hirtreiter et al., 2010; Schwer et al., 2009; Wada et al., 1998) .
In eukaryotes, Spt5 is an integral and essential part of the RNAPII elongation complex. Spt5 interacts directly with both archaeal RNAP and eukaryotic RNAPII via its NusG N-terminal (NGN) and Kyrpides, Ouzounis, and Woese (KOW) domains (Hirtreiter et al., 2010; Martinez-Rucobo et al., 2011; Viktorovskaya et al., 2011; Yamaguchi et al., 1999) and co-localizes with elongating RNAPII across eukaryotic genomes (Mayer et al., 2010; Rahl et al., 2010) . Spt5 also interacts directly with RNAPI and is likely required for rRNA synthesis (Viktorovskaya et al., 2011) . Structural studies have determined that Spt5 binds over the RNAP clamp domain above the nucleic acid cleft in a manner that likely stabilizes the transcription elongation complex, enhancing its processivity (Hirtreiter et al., 2010; Klein et al., 2011; Martinez-Rucobo et al., 2011) . Biochemical results have shown that the NGN domain of Spt5 also directly interacts with both the nascent RNA and the noncoding strand of the DNA template during transcription (Blythe et al., 2016; Crickard et al., 2016; Meyer et al., 2015) . Interestingly, Spt5 mutants that impair interaction with the noncoding strand of the template increase arrest by RNAPII in vitro, suggesting an important function for this interaction (Crickard et al., 2016) .
In addition to interactions with RNAPII, Spt5 physically recruits several factors to the elongating transcription complex, a function often dependent upon the Spt5 C-terminal region (CTR; Figure 1A) , a sequence of tandem repeats of amino acids that are phosphorylated in a manner similar to the C-terminal domain (CTD) of RNAPII (Hartzog and Fu, 2013) . The Spt5 CTR in its unphosphorylated state aids in recruiting the mRNA capping enzyme (Doamekpor et al., 2014 (Doamekpor et al., , 2015 Schneider et al., 2010; Wen and Shatkin, 1999) . In contrast, the phosphorylated Spt5 CTR is required for recruitment of the Paf1 complex, which plays an important role in elongation by RNAPII (Liu et al., 2009; Mbogning et al., 2013; Wier et al., 2013; Zhou et al., 2009) . Furthermore, Spt5 helps to recruit the 3 0 end processing factors for mRNA and small nucleolar RNA (snoRNA) transcripts (Mayer et al., 2012; Stadelmayer et al., 2014; Yamamoto et al., 2014) , and the histone deacetylase complex, Rpd3S (Drouin et al., 2010) .
Genetic analysis in S. cerevisiae also provides strong support for a broad role for Spt5 during transcription. The spt5-242 mutation is suppressed by mutations in several relevant genes, including those encoding RNAPII subunits, the Paf1 complex, the H3K36 methyltransferase Set2, and members of the Rpd3S complex Quan and Hartzog, 2010) . In contrast, other spt5 alleles confer double mutant lethality with mutations in genes encoding Paf1 complex members (Squazzo et al., 2002) as well as other transcription factors (Lindstrom and Hartzog, 2001 ). Mutations that delete or alter phosphorylation of the Spt5 CTR also cause multiple phenotypes, suggesting interactions with RNAPII and histone modification enzymes (Mbogning et al., 2015; Sansó et al., 2012) . This combination of biochemical and genetic data strongly supports the idea that Spt5 plays a central role in mediating interactions between elongating RNAPII and other chromatin regulatory proteins.
While Spt5 has been extensively studied, surprisingly little has been done to test its role as a positive transcription elongation factor genome-wide. Current evidence for a role in elongation comes from in vitro studies that showed that Spt5 reduces pausing under nucleotide-limiting conditions (Guo et al., 2000; Wada et al., 1998; Zhu et al., 2007) and in vivo studies that showed elongation defects at candidate loci when Spt4 or Spt5 is depleted by mutation or knockdown (Diamant et al., 2016a; Kramer et al., 2016; Liu et al., 2012; Mason and Struhl, 2005; Morillon et al., 2003; Quan and Hartzog, 2010; Rondó n et al., 2003) . Genome-wide studies of Spt5 knockdowns, done in mice, HeLa cells, and zebrafish, showed only small effects, possibly due to inefficient depletion (Diamant et al., 2016b; Komori et al., 2009; Krishnan et al., 2008; Stanlie et al., 2012) . Thus, there is little known about Spt5 with respect to the nature and breadth of its requirement during transcription elongation.
To address the genome-wide role of Spt5 in transcription, we have comprehensively analyzed the effects of Spt5 depletion on transcription genome-wide in the model organism Schizosaccharomyces pombe. Using an efficient degron allele to deplete Spt5, we have demonstrated that Spt5 is globally required for normal transcription by RNAPII. Spt5 depletion leads to reduced levels of transcription, accompanied by a relative accumulation of RNAPII over the 5 0 region of genes. Spt5 depletion also causes a genome-wide reduction in both transcript synthesis and steady-state mRNA levels, as well as inefficient mRNA splicing. Strikingly, there is a widespread increase in convergent and divergent antisense transcription upon depletion of Spt5. Our experiments to probe the role played by convergent transcripts suggest that they do not regulate the steady-state levels of sense transcripts. However, small regions required for convergent transcription do control the distribution of RNAPII over gene bodies, suggesting that these sequences serve as sites at which Spt5 stimulates elongation. Together, our studies reveal previously unknown and critical roles for Spt5 in transcription elongation.
RESULTS

The Level and Distribution of RNAPII Are Dramatically Changed after Depletion of Spt5
To study the essential Spt5 protein, we constructed an S. pombe strain that allows for efficient, auxin-inducible degradation of Spt5. Using this system, we were able to efficiently deplete Spt5 genome-wide, based on both chromatin immunoprecipitation sequencing (ChIP-seq) and western analysis, while maintaining cell viability (Figures 1 and S1 ). We then measured the level of RNAPII across the S. pombe genome using ChIP-seq, comparing cells before and after Spt5 depletion. We also compared wild-type cells to an spt5-DCTR mutant, which is deleted for sequences encoding the Spt5 CTR. Our spike-in normalized results showed that after Spt5 depletion, there was a globally reduced level of RNAPII across transcribed regions (Figures 2A, S2A , and S2B). The inclusion of spike-in normalization was critical in reaching this conclusion ( Figure S2B ; STAR Methods). Importantly, the distribution of RNAPII across genes also changed, with an accumulation over the first $500 bp of genes, followed by a decreased level of RNAPII downstream (Figures 2A, S2A , and S2B). In contrast, the level and localization of RNAPII in the spt5-DCTR mutant appeared similar to wild-type ( Figure S2C ). These results show that depletion of Spt5 causes a widespread change in the level and distribution of RNAPII, suggesting an elongation defect.
To extend our ChIP-seq results, we used NET-seq, which measures the level and position of elongating RNAPII at singlenucleotide resolution in a strand-specific manner (Churchman and Weissman, 2011) . Consistent with our ChIP-seq results, our NET-seq data (which were not spike-in normalized; see STAR Methods) also showed that after Spt5 depletion, there was a reproducible change in the distribution of transcribing RNAPII, with increased levels over the 5 0 region of the sense strand relative to the levels downstream ( Figure 2B ). As an alternative way to view our ChIP-seq and NET-seq data, we plotted a ''traveling ratio'' ( Figure 2C ) (Rahl et al., 2010; Reppas et al., 2006) as a cumulative distribution. Both showed a reproducibly lower level of RNAPII over the 3 0 ends of genes after Spt5 depletion ( Figures 2D and 2E) . Comparison of our ChIP-seq and NETseq results showed a substantial overlap for the genes with this pattern ( Figure 2F ). Our results strongly suggest that Spt5 is required for elongation at a normal level across most genes.
To test other possible changes after Spt5 depletion, we measured the levels of the two major modifications of the CTD of Rpb1, the largest subunit of RNAPII. Previous studies have shown that phosphorylation of serine 5 (S5P) in the CTD heptapeptide repeat occurs primarily over the 5 0 end of transcription units, while the majority of phosphorylation of serine 2 (S2P) occurs downstream (Komarnitsky et al., 2000) . Our results ( Figure S3) show that the total level of Rpb1-S5P is unchanged after Spt5 depletion while the distribution of Rpb1-S5P is similar to the distribution of Rpb1 across the genome, with perhaps an increased elevation over the 5 0 region. In contrast, the total level of Rpb1-S2P is reduced. This change in Rpb1-S2P seems likely to be a consequence of the changes in transcription caused by Spt5 depletion, rather than the cause, as complete loss of Rpb1-S2P causes less widespread transcriptional changes than what we observe after Spt5 depletion (Coudreuse et al., 2010; Schwer et al., 2014) . In addition, the mRNA level for lsk1 + , which encodes the major Rpb1-S2P kinase, is reduced approximately 2-fold after Spt5 depletion.
Spt5 Is Required for a Normal Rate of RNA Synthesis
To gain greater insight into the changes in elongation when Spt5 is depleted, we monitored cellular RNA synthesis before and after Spt5 depletion by metabolic labeling with 4tU (Miller et al., 2011) and normalization with RNA spike-in probes. The 4tU-seq results showed greatly decreased RNA synthesis rates genome-wide in the Spt5-depleted cells, consistent with a general elongationstimulatory activity for Spt5 ( Figures 3A and S4 ). We observed a uniform decrease in RNA synthesis activity across transcription units ( Figure 3B ), suggesting that the overall rate of transcription is decreased when Spt5 is depleted. Taken together with our ChIP-seq and NET-seq results, these findings suggest that Spt5 is required for a normal rate of transcription by RNAPII in order to elongate past a site or barrier at a position within $500 bp from the transcription start site (TSS), possibly a nucleosome or an Spt5-dependent transcription checkpoint Lidschreiber et al., 2013; Viladevall et al., 2009 ).
Spt5 Is Required for Normal Levels of Most mRNAs and for mRNA Splicing
To determine the impact of these transcription defects on RNA levels and RNA processing, we performed RNA sequencing (RNA-seq). Our spike-in normalized results showed that upon Spt5 depletion, there was a 2-fold or greater reduction for over 60% of sense-strand RNAs ( Figures 4A and S4 (B) The heatmap shows the log2 ratio of the spike-in normalized 4tU-seq signal in Spt5-depeleted versus non-depleted cells. The change is represented as described in Figure 2A . Genes are sorted by length and aligned by their TSS. The TSS and CPS are indicated by the solid black lines. data also revealed a widespread defect in splicing when Spt5 is depleted in S. pombe ( Figures 4B, 4C , and S4A), in agreement with previous studies in S. cerevisiae Lindstrom et al., 2003; Xiao et al., 2005) . Consistent with our ChIPseq results, there was little effect on mRNA levels and only a small effect on splicing caused by the spt5-DCTR mutation (Figure 4B ). Our depletion studies, then, show that Spt5 controls the global levels of mRNAs and mRNA splicing.
Widespread Antisense Transcription Occurs after Spt5 Depletion
In addition to dramatic effects on sense-strand transcription, our analysis demonstrated a surprising role for Spt5 in the regulation of antisense transcription. RNA-seq analysis showed that over 60% of all genes had a 2-fold or greater elevated level of antisense transcripts after Spt5 depletion ( Figure 5A ) and that these changes are localized at the 5 0 regions of genes ( Figure 5B ). In the spt5-DCTR mutant, there was a small increase in antisense levels that was much less prominent than after Spt5 depletion ( Figure S4B ). Antisense transcription near the 5 0 ends of genes has been previously observed in both wild-type S. cerevisiae and mammalian cells (Lavender et al., 2016; Mayer et al., 2015) , albeit occurring at a smaller percentage of genes. Our results suggest that in those cases, Spt5 limits the level of antisense transcription. We note that our 4tU-seq results showed that antisense transcription, similar to sense transcription, generally occurs at a lower level despite producing new species of RNAs ( Figure S4C ). (A) The heatmap shows the log2 fold change of spike-in normalized RNA-seq signal for sense-strand transcripts. Each column depicts the signal for the indicated strain compared to one replicate for a wild-type untreated strain. Genes are arranged in rows and placed in three different bins, demarcated by the horizontal gaps, based on whether their mRNA level is increased greater than 2-fold (yellow gradient), changed less than 2-fold (gray), or decreased greater than 2-fold (blue gradient) in the average of the Spt5-depleted samples. The lanes labeled ''untagged'' have an spt5 + wild-type allele and the strains labeled ''Spt5-AID'' have the depletion construct. Two replicates are shown for each strain except for the untagged T0 sample, as the other untagged T0 sample is the denominator for all columns.
(B) The boxplot depicts the distribution of splicing efficiencies (spliced/total reads at 5 0 splice junctions) in the indicated strains from merged RNA-seq data from two biological replicates for each strain. The bars represent the median, 25%, and 75% quartile ranges. A value of 0 indicates no splicing and a value of 1 represents complete splicing. The dots represent the values for the individual measurements.
(C) Single-gene profiles illustrate the increased RNA-seq signal over introns before and after Spt5 depletion. The exons are shown as boxes and the introns as lines connecting the exons.
To verify our RNA-seq results, we also assayed for antisense RNAs at two genes by northern analysis. In these experiments, we included several S. pombe mutants to test whether the derepression of antisense transcription occurs via one of the known defects that occur when S. pombe Spt5 is mutant or depleted, including reduced recruitment of the Paf1 complex (Mbogning et al., 2013) and loss of H3K4 trimethylation (Mbogning et al., 2015; Sansó et al., 2012) (Figure S5A ). We also included an spt6-1 mutant, which has greatly elevated levels of antisense transcripts (DeGennaro et al., 2013) , and an rrp6 mutant, to test if antisense levels are controlled by the nuclear exosome (Fox and Mosley, 2016) . Our results show that for the two genes tested, rif1 + and asn1 + , we detected the 5 0 antisense RNAs only when Spt5 is depleted, but not in any of the other mutant conditions (Figures 5C and S5B) . Importantly, the depletion phenotype is complemented when spt5 + is expressed from a plasmid.
Therefore, the widespread repression of 5 0 antisense RNAs in show the antisense signal in the region between À500 bp and +500 bp (with respect to the sense TSS) in Spt5-depleted cells compared to nondepleted cells. Shown are 1,568 (RNA-seq) and 1,336 (NET-seq) genes, selected based on criteria described in STAR Methods. The green dotted line indicates the TSS. Genes with antisense transcription were sorted into three categories, shown from top to bottom: divergent only, both divergent and convergent, and convergent only.
wild-type S. pombe is dependent upon Spt5, but not other known Spt5-dependent events. The location of the antisense transcription that occurs after Spt5 depletion suggested that it might include two classes of antisense transcripts: convergent transcripts, initiating within the gene, and divergent transcripts, initiating upstream of the TSS of the gene. Notably, divergent transcription, a feature of both S. cerevisiae (Neil et al., 2009) and mammalian cell transcription (Core et al., 2008) , has not been detectable in S. pombe (Booth et al., 2016) . To characterize antisense transcription in greater detail, we screened both our RNA-seq and NET-seq datasets for transcripts enriched over two regions: TSS to +500 for convergent transcripts and À500 to TSS for divergent transcripts. In this analysis, we only included genes whose transcripts did not overlap with adjacent transcripts (Eser et al., 2016) . Our results revealed that, specifically after Spt5 depletion, there are distinct sets of genes enriched for one or both of those classes of transcripts ( Figures 5D and 5E ). From these results, we conclude that Spt5 normally represses both convergent and divergent antisense transcription in S. pombe. We note that the number of genes with divergent transcription was greater when measured by NET-seq than when measured by RNA-seq (Figures 5D and 5E) . As NET-seq measures synthesis, while RNAseq measures steady-state levels, this suggests that many divergent transcripts in S. pombe are unstable, as previously shown in S. cerevisiae (Neil et al., 2009) Figures 6A and S6A ). In both deletion mutants, antisense transcription was undetectable after Spt5 depletion (Figures 6B and S6B) , demonstrating that the deleted sequences are required for convergent antisense transcription. We measured the effect of each deletion and found that the corresponding sense RNA levels were still decreased after Spt5 depletion (Figures 6B , 6C, S6B, and S7). This result suggests that antisense transcription at these two genes does not control steady-state sense transcript levels; however, our results do not rule out a role for antisense transcription at other genes or in controlling the kinetics of expression changes, as has been seen for other antisense RNAs Lenstra et al., 2015) .
To test if antisense transcription might control RNAPII localization across transcription units, we also measured the level of RNAPII by ChIP at the asn1 + and rif1 + genes, in both the presence and absence of the antisense promoter sequences. Consistent with our ChIP-seq and NET-seq data, for both asn1 + and rif1 + ( Figure S7 ), we observed a significant decrease in RNAPII levels at the 3 0 end of the wild-type gene after Spt5 depletion ( Figures 6D and S6D) . However, deletion of the anti- sense promoter virtually eliminated this dependence of RNAPII levels upon Spt5 ( Figures 6D and S7D ). Unexpectedly, the major phenotype caused by the deletions occurred when Spt5 was present, a state when antisense transcription is not detectable. These results suggest that the sequence defined by the promoter deletions functions as a site required for Spt5 to stimulate transcription elongation.
DISCUSSION
Our studies have revealed several previously unknown requirements for the essential factor, Spt5, in transcription in vivo. We have learned from both ChIP-seq and NET-seq that Spt5 is required for a normal distribution of RNAPII across transcription units. When Spt5 is depleted, RNAPII levels are reduced and accumulated over the 5 0 regions of most genes. In addition, our 4tU-seq data suggest that transcription occurs at a lower rate after Spt5 depletion. Taken together, these results suggest that Spt5 is required to enable RNAPII to transcribe at a sufficient rate to elongate past a barrier. This model is consistent with our RNA-seq results that demonstrate that most mRNAs are present at reduced levels after Spt5 depletion. Our studies have also revealed that Spt5 normally represses two classes of antisense transcripts: convergent, initiating downstream of the TSS, and divergent, initiating upstream of the TSS. While previous studies have shown that the Spt5 CTR is important for the Spt5-dependent recruitment of several other factors, our results suggest that the CTR does not play a prominent role in the transcriptional roles for Spt5 studied here, nor does the recruitment of those factors, including the Paf1 complex. Together, our results provide strong evidence that Spt5 plays a critical and broad role in controlling transcription.
The change in the distribution of RNAPII that we observed in S. pombe after Spt5 depletion is distinct from previously studied promoter proximal pausing in metazoans. After Spt5 depletion, the accumulation occurs over a much greater distance from the TSS, $500 bp, than that of promoter-proximal pausing, which occurs at $20-60 bp from the TSS (Kwak and Lis, 2013) . The accumulation that occurs in S. pombe suggests that when Spt5 is depleted, RNAPII is unable to elongate past a barrier. One obvious possibility for such a barrier is a nucleosome, as suggested by previous studies of spt5 mutants in S. cerevisiae . Although nucleosome positions have been mapped in S. pombe (Lantermann et al., 2010; Soriano et al., 2013) , our data are not yet sufficient to resolve the position of the barrier with respect to that of nucleosomes, nor do we yet know whether Spt5 plays any role in controlling nucleosome position. Spt5 may also, directly or indirectly, help to clear a possible checkpoint during elongation by the recruitment of other factors. A comprehensive analysis to identify the factors recruited by Spt5 during elongation will be important in understanding such putative transcriptional checkpoints.
A recent study of an S. pombe spt4D mutant (Booth et al., 2016) showed two interesting results relevant to our studies. First, their results showed a similar change in transcriptional profiles at $25% of the genes where we observed changes after Spt5 depletion. Second, their results, using PRO-seq, suggested that S. pombe, like metazoan cells, has promoter-proximal pausing at a subset of genes in wild-type, but not in the spt4D mutant. We have examined our results for the S. pombe genes that were reported to have promoter-proximal pausing and we were unable to detect this event, suggesting that our ChIP-seq and NET-seq data are not sufficiently sensitive. However, given that loss of Spt5 causes stronger phenotypes than loss of Spt4, it seems likely that Spt5 is required for this type of promoter-proximal pausing in S. pombe.
Our results with respect to the effect of Spt5 on mRNA levels and on the distribution of RNAPII across transcription units stand in contrast to earlier studies that examined the effect of knock- down of Spt5 in either zebrafish or mammalian cells (Diamant et al., 2016b; Komori et al., 2009; Krishnan et al., 2008; Stanlie et al., 2012) . In those studies, mRNA levels were changed for only a small percentage of genes, in contrast to our finding that over 60% of mRNAs have a decreased level of 2-fold or greater. Our inclusion of spike-in normalization is likely one reason why we observed global effects for Spt5 depletion. In addition, two previous studies in mammalian cells concluded that Spt5 depletion results in an increased level of RNAPII across gene bodies (Brannan et al., 2012; Rahl et al., 2010) , also in contrast to our results. The differences between those studies and ours are likely due to the strong requirement for Spt5 in widespread promoter-proximal pausing in mammalian cells (Rahl et al., 2010) , as well as our inclusion of spike-in controls.
Our study reveals that divergent antisense transcription, a common feature in many eukaryotes, is widespread in S. pombe. Although the function of such divergent transcription remains elusive, our data have revealed that it is repressed by Spt5 and possibly is unstable, in agreement with previous observations of divergent transcription (Neil et al., 2009; Preker et al., 2008) . These characteristics might explain why S. pombe divergent transcription has gone undetected by previous studies (Booth et al., 2016) .
Our results have also identified widespread convergent antisense transcription after Spt5 depletion. This class of transcription has been previously found in a small number of cases in S. cerevisiae as well as in mammalian cells (Lavender et al., 2016; Mayer et al., 2015) , where it has been detected in up to 25% of genes. Conceivably, the elevation in antisense transcription is an indirect effect of releasing elevated levels of RNAPII after Spt5 depletion. While we currently cannot rule out this possibility, we think it is unlikely given the evidence that the antisense promoter region serves functions both before and after Spt5 depletion. While our results showed that antisense transcription did not control the steady-state level of sense transcripts at the two genes tested, previous studies have suggested that antisense transcription might have a more nuanced function, possibly in regulating the kinetics of sensestrand expression during transitions in growth conditions Lenstra et al., 2015; Xu et al., 2011) or in the recruitment of particular histone modifications or transcription complexes (Lavender et al., 2016; Margaritis et al., 2012) .
Our deletion analysis of the convergent antisense promoter regions of two genes, asn1 + and rif1 + , suggested two functions for these sequences. As expected, they are required for convergent antisense transcription after Spt5 depletion. Unexpectedly, our results also revealed a second possible role for these regions under conditions when Spt5 is present at normal levels: controlling the level of RNAPII across each gene. As it has been established that Spt5 is recruited just downstream of the site of transcription initiation (Lidschreiber et al., 2013; Mayer et al., 2010) (Figure 1D ), our results suggest a model in which sites downstream of Spt5 recruitment are required for Spt5 to stimulate elongation (Figure 7) . This model fits with Spt5 having a role similar to that of NusG in E. coli (Hartzog and Kaplan, 2011; Ray-Soni et al., 2016; Werner, 2012) . Although both antisense promoter deletions behaved similarly, we cannot yet rule out that the decreased level of RNAPII downstream is caused by some other mechanism that destabilizes the elongation complex. The mechanism by which these sites control elongation is an important issue for future study.
In conclusion, our studies have shown a strong and broad requirement for Spt5 during transcription elongation. In addition, they have provided evidence for a positive site for stimulation of transcription by Spt5, helping to unify the function of Spt5 and NusG between eukaryotes and prokaryotes. Our results have also raised questions that can be addressed in future studies, including the mechanism by which Spt5 stimulates elongation and the possible role for convergent antisense transcription.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All yeast strains are listed in Table S1 . S. pombe strains were grown in EMM complete, YES, or PMGSC media (DeGennaro et al., 2013) and grown at 30 C, unless otherwise indicated. Strains with epitope tags and deletions were generated by homologous recombination of DNA fragments synthesized by PCR. The Spt5-degron strain, FWP486, was generated by first fusing the 3 0 end of the Table S2 endogenous spt5 + gene in strain FWP484 to a sequence encoding the V5-IAA17 tag, which was amplified from a plasmid containing the V5-KanMx cassette. Then the 5 0 end of spt5 + was fused to the nmt1-81x promoter, amplified from a plasmid with the hph-MX6-nmt181x pr cassette. The spt5-DCTR strain, FWP488, was generated by transformation of a restriction fragment from a plasmid with spt5-DCTR-ura4 + allele with flanking homologous sequences for transformation. The truncation in Spt5 was confirmed by Sanger sequencing and by western blotting using an antibody that recognizes both full length and Spt5-DCTR. The pSpt5-pr450 plasmid was generated by cloning Spt5 with 450 base pairs of sequence upstream of Spt5 into the vector pFY20 (Wahls and Davidson, 2008) . The 51 bp deletions in the antisense promoters were made in the asn1 + (À195 to À145 from ATG) and rif1 + (+84 to +135 from ATG) genes and encompassed the mapped antisense start sites (see below). The putative antisense promoters were deleted using two-step gene replacement. Northern blots and qPCR were performed as described previously (DeGennaro et al., 2013) . Spt5 depletion experiments were performed by adding NAA (0.5mM in DMSO; Kanke et al., 2011) , napthaleneacetic acid, (Sigma) and thiamine (100nM, thiamine hydrochloride [Tommasino and Maundrell, 1991] , Sigma), to cells grown to a density of 10 7 cells/ml (O.D. 600 $0.5). Cultures were incubated with shaking at 30 C for 4.5 hr. Viability assays were performed by pelleting 1 mL of cells at the indicated time points, washing the cells twice with 1ml of water, and plating dilutions on EMM complete medium. Colony counts were performed after 4-5 days of growth at 32 C.
METHOD DETAILS
Western blotting and antibodies Extracts for western blotting were prepared using trichloroacetic acid and sodium hydroxide (Knop et al., 1999) . The primary antibodies used were: anti-Rpb1 (8WG16, Covance), anti-H3 (ab1791; Abcam), anti-H3K4me3 (ab8580; Abcam), anti-b-actin (ab8224; Abcam) and anti-V5 (Invitrogen, R960). The Spt5-FL antibody against S. pombe Spt5 was provided by Dr. Beate Schwer and Dr. Stewart Shuman. Anti-mouse and anti-rabbit IR-dye-coupled antibodies from Li-Cor Biosciences were used as secondary antibodies. Band intensities on blots were quantified with the Image Studio Lite software from Li-Cor biosciences and normalized to the loading control as described in the text.
Northern blotting and RNA-seq library preparation RNA was prepared from S. pombe and Northerns were done as previously described (Ausubel et al., 1991) . Probes were made using the oligos listed in Table S2 . RNA-seq was done on Spt5-degron tagged strains as well as untagged controls, with and without auxin added. For RNA-seq libraries, 200 mg of total RNA from each strain was spiked-in with 10 ml of 1:100 diluted ERCC control RNA (Invitrogen). Then, poly(A) + RNA was enriched by two rounds of Dynabeads Oligo (dT) 25 (Invitrogen) purification, followed by alkaline fragmentation and size selection of fragments 40-70 nucleotides. Size-selected RNA was dephosphorylated and ligated to an RNA linker at the 3 0 end. First-strand cDNA was synthesized using a primer with sequence complementary to the 3 0 -linker and an additional adapter sequence, using Superscript III reverse transcriptase (Invitrogen). cDNA was circularized using CircLigase (Epicenter). The library was amplified with 8-14 cycles of PCR, using primers specific for the adapter sequence and the products were gel purified. Library size distributions and concentrations were determined using an Agilent Bioanalyzer. All strains were done in duplicate. RNAseq libraries were sequenced on the Illumina HiSeq platform at the Tufts University Core Facility. using 8 cycles at 15 Hz (Lysis buffer: 20mM HEPES, 110mM KOAc, 0.5% Triton X-100, 0.1% Tween 20, 10mM MnCl2, 1X protease inhibitors Roche EDTA-free). This lysate was thawed on ice and 1 mL lysis buffer with 50mM MnCl 2 and 5x protease inhibitor, was added to the lysate along with 660 ml of DNaseI (RQ1, Promega) and incubated on ice for 30 min. Solubilized RNAPII was then immunoprecipitated along with the associated RNA using FLAG M2 beads (SIGMA), and eluted using 3X-FLAG peptide (SIGMA). RNA was extracted from the eluate using QIAGEN miRNEasy kit and subjected to library prep as previously described (Churchman and Weissman, 2011) except that a modified linker-1 with a randomized hexamer was used for some libraries. All strains were done in duplicate. Libraries were sequenced on a HiSeq platform at either the Biopolymers Facility at Harvard Medical School or the Harvard Bauer Core Facility.
4tU-seq
The 4tU-seq experiments and analyses were performed as previously described (Eser et al., 2016; Miller et al., 2011) . The Spt5 depletion strain was grown as described earlier and cultures were labeled with 4tU for 10 min at 0 and 4.5 hr after the addition of thiamine and auxin. RNA spike-ins were added to cell pellets at the first step of RNA purification (Schwalb et al., 2016) . The amount of spike-ins was adjusted to the cell number for each sample (120 ng of spike-in mix for 2.5 3 10 8 cells for all samples). Sequencing libraries were prepared according to the manufacturer's recommendations using the Ovation Universal RNA-Seq System (NuGen). Libraries were sequenced on an Illumina HiSeq 2500 at LAFUGA, Ludwig-Maximilians-University of Munich.
Transcription start site mapping Ten mg of total RNA was purified from Spt5-depleted cells, and was verified by Northern for expression of the antisense transcript at rif1 + . Then, the RNA was dephosphorylated (calf intestinal phosphatase, NEB). The 5 0 cap from the mRNA was then cleaved using cap-clip enzyme (CELLSCRIPT). The 5 0 phosphate group thus generated was then ligated to an RNA adapter using T4 RNA ligase (NEB). The adapter-ligated RNA was reverse transcribed with Superscript III reverse transcriptase (Thermo Fisher Scientific) with a primer complementary to the desired antisense transcript, and the cDNA was used for PCR with primers nested within the adapter and cDNA. The PCR product was gel purified, cloned into pGEM-T vector (Promega) and five clones per antisense transcript were sequenced. The 5 0 end of the antisense transcripts were as follows: for asn1 + , À195 with respect to the sense ATG and +213 with respect to the sense TSS; for rif1 + , +87 with respect to the sense ATG and +221 with respect to the sense TSS.
ChIP-seq computational analysis
Read mapping for the initial Rpb1 ChIP-seq was performed with Bowtie2 (Langmead and Salzberg, 2012) successively to the S. pombe and then the S. cerevisiae genomes using default parameters. Alignment rates were 73%-95% for fission yeast and 12%-68% for budding yeast. Mapped reads for fission yeast IP samples ranged from 4.5 million to 8.2 million, while those for budding yeast IP samples ranged from 150,000 to 700,000. Binding density was produced using SPP software. Profiles were normalized to library size (reads-per-million; RPM) (Bonhoure et al., 2014; Nagalakshmi et al., 2008) . To test for global changes in Pol II ChIP levels, a spike-in normalization method was applied (Orlando et al., 2014) . This method compares the total number of reads mapping to each organism per sample. This S. cerevisiae/S. pombe ratio was low across input samples but consistently higher specifically among Spt5-depleted cells, indicating a real effect. A second mapping using Bowtie and a unique mapping constraint (''-m 1'') to a concatenated fission+budding yeast ''genome'' was also performed and corroborated this result. The second ChIP-seq experiment (Rpb1, S2P, S5P, Spt5) was mapped this way, using Bowtie. Unique read alignment rates were above 85% for all samples. Total read counts mapping from IP samples to the fission yeast genome ranged from 4.1 to 16.7 million and 340,000 to 6 million to the budding yeast genome (the latter was a Spt5-depletion Spt5 IP sample, for which half the reads were from the budding yeast spike-in, as expected).
RNA-seq computational analysis
All RNA-seq experiments were performed in duplicate. The total number of reads ranged from 11 to 21 million. After adapter trimming, reads were aligned using TopHat2 (Kim et al., 2013) with minimum and maximum intron lengths 20 and 5000, respectively (''-i 20 -I 5000''). Alignment rates were 75%-83%, with approximately 60% of reads mapping uniquely to the transcriptome, 17% multiply to transcriptome, 3% uniquely to the rest of genome, and 0.2% multiply to the rest of genome, with little variability across samples. Per-gene RPKM values were calculated with Cuffdiff (Trapnell et al., 2010) . Spike-in normalization factors were obtained by calculating all pairwise linear model slopes for ERCC spike-ins, then deconvoluting to a vector of normalization factors. The adjusted RPKM values were linearly transformed by these scaling factors. Spike-in normalized data showed a change of two-fold or more in RNA levels for approximately 62% of genes after Spt5 depletion, whereas the same data normalized to library size, without spike-in normalization, showed a change in only 24% of genes.
Computational analysis of intron retention levels Combining replicates, using the 5 0 end of each junction, and keeping only reads that extend at least 4 bp upstream and downstream of the junction, we counted the number properly spliced as defined in the annotation (''spliced'') and those that are not spliced at all (''unspliced''). Any other reads are discarded. For the boxplots, per-junction splicing efficiency = (spliced) / (spliced + unspliced). The y axis scale is transformed to allow easier visualization of conditional differences. Individual splicing efficiencies per junction, per sample are plotted behind boxplots. Lines above indicate pairwise significant difference via Kolmogorov-Smirnov test (a = 0.05).
NET-seq computational analysis
For NET-seq libraries, there were 32-71 million reads per sample. The adapter was removed with CutAdapt (Martin, 2011), and low-quality reads were removed with Prinseq (Lite, version 0.20.2, parameters ''-no_qual_header -min_len 7 -min_qual_mean 20 -trim_right 1 -trim_ns_right 1 -trim_qual_right 20 -trim_qual_type min -trim_qual_window 1 -trim_qual_step 1'') (Schmieder and Edwards, 2011) . Molecular barcodes were removed from FASTQ files with a custom script. Other RNAs, including rRNAs, snRNAs, and snoRNAs were removed by mapping via TopHat2 (Kim et al., 2013) to a genome file containing just those sequences from both S. pombe and S. cerevisiae, allowing multiple mappings. Approximately 75%-88% of reads were removed at this step, and 95% of these aligned multiply. RT mispriming, which occurs when reverse transcriptase primes within a template rather than at the end, was observed and filtered out by mapping all reads prior to hexameric barcode removal. Those that mapped were assumed to have lost the barcode in a mispriming event and were filtered out downstream. Approximately 9%-12% of libraries mapped without barcode removal versus 80%-90% after barcode removal. Alignment was performed with Tophat 2 (Kim et al., 2013) to a concatenated FASTA composed of both S. pombe and S. cerevisiae genomes, allowing only unique mapping. PCR duplicates were removed by comparing all reads that start and end at the same position and contain the same barcode. Surprisingly, this showed that 90% of reads in Spt5-AID T0 replicate I were from PCR duplication (versus 10%-23% in the others). Thus removal of PCR duplicates is critical for QC and downstream analysis. Because removal of these duplicates reduced the sample to < 1M reads, we focused mainly on the other replicate and included a T0 sample from an earlier NET-seq experiment. This earlier experiment did not include the 5 0 barcode, but quantification and removal of reads that show the same chromosome, strand, start, end, and sequence, as well as high correlation (r = 0.96) with the remaining T0 replicate ( Figure S2 ), indicated that it was of normal quality. This earlier T0 replicate also did not include a spike-in control. Because spike-ins were used for the later samples, we performed an analysis similar to that for ChIP-seq (Orlando et al., 2014) , comparing the ratio of reads mapping uniquely to S. pombe versus S. cerevisiae. For these samples, 10% budding yeast cells were spiked in, although the variation in ratio of budding/fission yeast reads was 4.1%-5.5% for all samples, not correlating between replicate pairs. This suggested that there was no significant difference between T0 and T4.5 Spt5-depletion cells for NET-seq. Therefore, spike-in normalization was not included for the NET-seq data analysis.
Multigene heatmaps
Multigene heatmaps were produced by binning profiles every 10 bp, sorting genes by length, then aligning all at the 5 0 TSS. Flanking regions 500 bp upstream and downstream are also shown. Genes longer than 4 kb are allowed to run off the right side of the plot; this occurs for 216 (6.6%) of 4294 genes that are protein-coding and > 10 RPKM in the average of NET-seq T0 samples. For pairwise comparison of profiles from sample A and B, the red-blue colors depict the ratio log2(B / A), where B and A are library-or spikenormalized values per bin. In the heatmaps depicting TSS+/À500 bp, genes were sorted into bins based on whether they showed signal increase upstream of TSS, downstream of TSS, or both. For these heatmaps, we chose non-overlapping (over TSS+/À500) genes longer than 700 bp that showed a 2-fold or greater increase in the À500 to +500 region; therefore, genes with no increase are not depicted.
Metagene plots
Metagene profiles present averages for genes longer than 1000 bp and which have expression above a threshold of 10 RPKM over full genes in the average of NET-seq T0 replicates. Replicates were merged via averaging at the stage of normalized genomic profiles. The dark lines in the metagene profiles present arithmetic mean values at each 10 bp bin across genes that are long enough to have signal at the given position, aligned at the transcription start site. Shaded areas represent 95% confidence intervals calculated at each gene position from a t-distribution with degrees of freedom representing the number of genes of at least that length. The color-coded scatterplots are based on a 2d density to highlight the distribution of the underlying data.
Traveling ratio plots ''Traveling ratio''-type plots for ChIP-seq and NET-seq were produced by quantifying signal in a 5 0 bin and 3 0 bin for all protein-coding genes greater than a minimum length (ChIP-seq: 1 kb; NET-seq: 1050 bp), using the gene set with expression above a threshold of 10 RPKM over full genes in the average of NET-seq T0 replicates. For ChIP-seq, the 5 0 bin used was TSS+1:+500, while for NET-seq, the 5 0 bin was TSS+50:+550 because NET-seq does not reliably show 5 0 signal due to the minimal requirement for transcription before mapping a read and taking the 3 0 read position as the single-base position of RNAPII. There were 3716 genes in the ChIP-seq plot and 3630 genes in the NET-seq plot. Ratios of 5 0 /3 0 bins were sorted before plotting against percentile.
Determining overlapping genes
Because the S. pombe genome is very gene-dense, quantification of antisense transcripts near and beyond 5 0 TSSs is easily confounded by accidental inclusion of genes in which an adjacent opposite-strand sense transcript overlaps the antisense region in question. Additionally, not all annotated transcripts are expressed in all conditions, and overlap with unexpressed transcripts should not be reason for removal. We chose to filter on a gene set that included all protein-coding genes plus non-coding transcripts that were expressed above 1 RPKM in the average of our NET-seq T0 samples. For different analyses, we filtered out genes with protein-coding or expressed transcripts overlapping TSS-500 to TSS+500, TSS+1000, or CPS+500, depending on the region in question.
Novel annotation set
Recent studies have shown that the annotations in PomBase may be inaccurate at 5 0 and 3 0 ends (Booth et al., 2016; Eser et al., 2016; Li et al., 2015) . As we were interested in the distribution of novel antisense reads relative to gene TSSs, we used the annotations of Eser et al. (Eser et al., 2016) , including all those protein-coding annotations that differed from the PomBase 5 0 or 3 0 ends, except in a small number of cases where annotations were not included; in those cases we used the PomBase annotations.
4tU-seq computational analysis Paired-end 50 base reads with additional 6 base reads of barcodes were obtained in replicates for all samples. Reads were demultiplexed and mapped with STAR 2.3.0 (Dobin and Gingeras, 2015) to the concatenated S.pombe genome and external spike-in sequences with maximum one mismatch (-outFilterMismatchNmax 2) allowing for only one mapping position (-outFilterMultimapScoreRange 0). SAM files were filtered using Samtools (Li et al., 2009; Schwalb et al., 2016) for alignments with MAPQ of at least 7 (-q 7) and only proper pairs (-f99, -f149, -f84, -f163) were selected. This resulted in 44-95 million reads per sample. Further data processing was carried out using the R/Bioconductor environment. Samples were normalized using external spike-ins as previously described (Schwalb et al., 2016) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical tests employed for each experiment are described in the figure legends or in the STAR Methods section.
DATA AND SOFTWARE AVAILABILITY
The raw sequencing data reported in this paper have been deposited in the NCBI Gene Expression Omnibus under accession number GEO: GSE85182. Other data have been deposited to Mendeley Data and are available at http://dx.doi.org/10.17632/ v5jy3367rs.3.
